We demonstrate ultrafast switching of resonant mode in terahertz metamaterials through optical excitation of radiation-damaged silicon placed in the gap of a splitring resonator. Upon optical excitation, we observe the dynamic transition of the fundamental resonance from ON-to-OFF state on a timescale of 4 picoseconds (ps) and then fast recovery of the resonance to the ON-state within the next 20 ps. Electric field distributions in the metamaterial unit cell derived through numerical simulations clearly support our experimental observations, showing that the high electric field at the resonator gaps, responsible for inductive-capacitive (LC) resonance, completely disappears and switches OFF the resonance after being optically excited. The ultrafast switching of the metamaterial resonance is attributed to the relaxation of the photo-carriers through the defect states of radiation-damaged silicon layer. Such ultrafast material-based active control of metamaterials can lead to the ultrafast terahertz metaphotonic devices.
Introduction
Metamaterials are novel artificial composites with unusual electromagnetic properties emerging from their geometrical structure rather than the composition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Since metamaterials enable the manipulation of light in exotic ways, they hold the promise for an entire range of novel devices with on-demand functionalities. Additionally, two-dimensional metamaterials, often called metasurfaces, are scalable and easy to fabricate at microwave [3, [20] [21] [22] , terahertz (THz) [4, [23] [24] [25] [26] [27] [28] [29] [30] [31] , and optical [5, 32, 33] frequencies which makes them suitable for practical photonic devices. The terahertz spectral domain represents a technologically important and comparatively immature field mainly due to the lack of practical devices such as filters, switches, modulators, lenses etc [34] . In this scenario, metamaterials can play a significant role in designing and improving the performance of such devices. In the past few years, considerable efforts have been made to realize terahertz active and passive devices using different metamaterial configurations. Chen et al. demonstrated ultrafast optical switching of resonant response of terahertz metamaterials. A switching response of ≈ 20 ps was demonstrated by engineering design of carrier lifetime of the ErAs/GaAs superlattice substrates upon which the metamaterials were fabricated [35] . In other important contributions, Chowdhury et al. have examined the ultrafast optical control of near-field coupling between the dark and bright modes by placing a radiation-damaged silicon patch in the dark resonator [28] . Chowdhury et al. have also demonstrated reconfigurable terahertz metamaterial (MM) in which constituent resonators can be switched from split-ring resonators (SRRs) to closed-ring resonators via optical excitation of silicon islands strategically placed in the split gap [27] . In this context, controlling electromagnetic properties of terahertz metamaterials at ultrafast timescale is an important study.
In this submission, we demonstrate ultrafast control of intrinsic metamaterial resonances through population and depopulation of the defect states in silicon placed strategically inside the split gap of ring resonator. This scheme has potentials to enable ultrafast terahertz devices by combining the emerging phenomena of metamaterials with well-established silicon platforms.The metamaterial samples studied in this work consist of single-gap SRRs with a radiation-damaged silicon layer placed only inside the SRR's gap. This scheme allowed us to photo-dope and tune the silicon conductivity at an ultrafast timescale only in the gap region of the SRR, in contrast to previous scheme where the properties of the entire substrate were modified [35] . In order to understand the carrier lifetime dynamics of the radiation-damaged silicon and their role in ultrafast switching, we have considered tri-exponential theoretical model in conjunction with the experimental observations.
Metamaterial Design and Experimental Results
Our metamaterial samples were fabricated on radiation-damaged silicon-on-sapphire (SOS) wafer [36] . The wafer consists of a 660 nm thick epilayer of < 100 > oriented radiation-damaged silicon epitaxially grown on a 530-μm-thick sapphire substrate. The silicon layer was implanted with two doses of O + ion, 1.0 × 10 15 /cm 2 at 200 keV and 1.0 × 10 15 /cm 2 at 100 keV. The samples were fabricated using twostep photolithography. First, photolithography was done to create patterns to form metal resonators. Followed by this step, a 10-nm-thick titanium and a 200-nm-thick gold layer were deposited by electron beam evaporation, which was then lifted-off In the image, P x and P y are periodicities in the x and y directions, respectively and silicon is placed inside the split gap to form the single-gap SRR array. In the second step, photolithography was performed to cover the split gap of the SRR but to expose the remaining silicon layer across the entire sample area. With plasma etching, silicon was removed from the entire sample except the gap region of the SRR which was masked by the photoresist. The schematic design of the sample shown in Fig. 1 with the detailed geometric dimensions and the optical image of the fabricated sample is shown in Fig. 3b . The metamaterial samples were characterized using the optical pump terahertz probe (OPTP) measurement technique [37, 38] where the polarization of the incident THz electric field was carefully aligned parallel to the gap-bearing SRR arm in order to excite the resonance modes (Fig. 1b) . A near-infrared femtosecond (fs) laser beam, with a pulse duration of 30 fs, energy of 3.2 mJ/pulse operating at 800 nm with a 1-kHz repetition rate, was employed for terahertz generation/detection and optically pumping the sample. The pump laser beam had a beam diameter of ≈1 cm, much larger than the focused THz spot diameter of ≈3 mm at the sample, providing uniform excitation over the SOS film in the split gaps of our metamaterial sample. The time delay between optical pump and terahertz probe pulses was precisely controlled using a linear translation stage to change the optical path length of the femtosecond optical pulses. For several pump-probe time delays, the THz signal was measured in the time domain after transmission through the metamaterial samples. The time domain signals were transformed to the frequency domain and normalized using a bare sapphire substrate as the reference. All the measurements were performed at room temperature and in a dry atmosphere in order to mitigate unwanted absorption introduced by the presence of water vapour in the ambient air.
The carrier lifetime dynamics of the radiation-damaged unpattern SOS film at pump fluence of 1400 mW (1400 μJ/cm 2 ) was measured. THz signal because of the transient conductivity. As the time delay increases, the transmitted THz signal increases due to carrier trapping in the radiation-damaged silicon [39] . Figure 2a shows that the THz peak is reduced as the optical pulse arrives and then recovers to its full strength within the next 20 ps. As revealed by the carrier dynamics of the radiation-damaged silicon film, the photo-carrier concentration in silicon layer changes as a function of the pump-probe time delay (Fig. 2a) due to the characteristic carrier lifetime. This change in charge carrier concentration is directly reflected in change in conductivity as demonstrated in Fig. 2a . Terahertz transmission measurements through the metasurface sample were carried out at several pump-probe delays as indicated in Fig. 2a . The amplitude transmission through the metamaterial sample shows strong fundamental resonance at 1.08 THz before the arrival of the optical pump pulse (point A in Fig. 2a) . At a time delay of ≈ 4 ps after the arrival of pump pulses (point B in Fig. 2a) , we observe the complete disappearance of the fundamental resonance, allowing a flat transmission spectra ≈ 1.08 THz represented by the blue curve where the fundamental resonance previously existed. At a time delay of ≈ 6 ps (point C), the transmission still remains flat without any indication of resonance. At a longer time delay of ≈ 12 ps (point D in Fig. 2a) , there is an evolution of a feeble resonance feature near 1.08 THz. At delay of 24 ps, the strong fundamental resonance reappears again at 1.08 THz (point E in Fig. 2b ). Before the arrival of pump beam (point A), the transmission spectrum of the metamaterial sample shows strong resonance due to the intrinsic dielectric nature of the silicon in the split gaps, supporting the fundamental LC resonance mode. This fundamental mode is excited by the incident electric field due to the asymmetry of the SRR [27, 33, 40] . As the pump-probe delay increases, the transmission spectrum reaches to point B due to the photo-excited carrier generation. At point C, the resonance remains suppressed because of the conduction of silicon islands inside the split gap. Although at this point, a fraction of the photo-carriers have been relaxed, the overall conductivity of the silicon still remains high enough to prohibit the electric field build-up required to drive LC oscillations. At longer delays (point D), a major fraction of photo-carriers depart from the conduction band through the carrier trapping as confirmed by the change in terahertz transmission measured in Fig. 2a . Due to the reduction in its conductivity of the silicon patches in split gaps, we observe the reappearance of the fundamental resonance at 1.08 THz. As the optical pump delay increases (≥ 24 ps, point E), all the excited photo-carriers are completely relaxed, restoring the loss-less dielectric nature of the silicon region in the split gap, therefore, the SRR is able to support full-strength LC resonance at 1.08 THz as revealed in Fig. 2b .
Numerical Simulations and Results
In order to confirm our qualitative explanation regarding the experimental demonstration of resonance switching, we performed finite-element simulations using commercially available numerical software Microwave Studio from Computer Simulation Technology (CST). In our full-wave numerical simulations, we have used periodic boundary conditions to simulate a single unit cell, as shown in Fig. 3b . We have taken sapphire as the substrate and on its surface SRRs are periodically placed with a periodicity of 26 μm in both the x-and y -directions. The SRRs are made of gold with thickness 200 nm and outer dimensions for length and breadth as 20 μm×20 μm. The capacitive gap (g) and line width (w) of the resonator are assumed to be of 3 μm each. The above geometrical parameters are kept constant throughout the simulations. An adaptive mesh configuration is employed, generating ≈30000 tetrahedron mesh cells during the numerical simulations. The transmitted component of the S parameter through the sample is normalized with a blank sapphire substrate in order to replicate the experimental data. During the simulation the excited E-field was set parallel to the gap-bearing arm of SRRs as shown in Fig. 3b . The metal resonators (gold) were simulated as lossy metal with a conductivity of 6.7 × 10 7 S/m, whereas the sapphire substrate was modelled as a loss-less dielectric with permittivity Fig. 3a and excellent agreement is observed both quantitatively and qualitatively when compared to the experimental measurements. Numerical simulation at point A is done by considering intrinsic silicon in the gap region without any photo-doping. Next, we considered a silicon conductivity value of 10,000 S/m to reproduce the situation at pump-probe delay of 4 ps (point B in Fig. 2a) . Experimental transmission at point C is modelled by assigning conductivity equal to 4,000 S/m. For point D, a relatively small value of silicon conductivity (200 S/m) is assigned in simulations.
We have observed a weakened resonance at this point since there is an initial damping of the resonance strength due to the Ohmic losses in the silicon in the gap region (Figs. 2b and 3a) . At point E, the carriers are completely relaxed from the conduction band. So the situation is equivalent to the case we observed at point A in the lifetime dynamics plot. In Fig. 4 , we have plotted the induced electric field distribution for several silicon conductivities but at the same frequency (1.08 THz) where fundamental resonance appeared. With silicon conductivity σ = 0 S/m (point A), a strong electric field enhancement takes place inside the split gap confirming that the mode is due to the inductive-capacitive (LC) resonance (Fig. 4a) . When resonances
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Simulated induced electric field at fundamental resonance frequency (1.08 THz) for different conductivities of silicon in the split gap resembling the situations with different pump-probe time delay. In all the subfigures, the same scale is employed to represent the induced electric field strength are measured at the peak of the pump beam, as in the situation at point B of pumpprobe delay, the high conductivity of silicon in the split gap transiently modifies the physical configuration of the spit-ring resonator by destroying the split gap capacitance hence does not allow the LC resonance at 1.08 THz. Therefore, we do not see any electric field confinement in the split gap (Fig. 4b) . This indicates the complete switch OFF of LC resonance mode. As the time delay is increased further (situation at point C), the conductivity inside the split gap still remains high hence still unable to support the fundamental resonance mode. Therefore, the induced electric field strength in the split gap remains very low (Fig. 4c) confirming that the LC mode is still OFF. With further delay at point D, a large fraction of charge carriers have relaxed, so the electrical conductivity of the split gap is reduced considerably and we see the evolution of resonance with reduced strength in transmission. The simulated electric field supports this explanation with reduced amount of electric field strength induced in the split gap region as seen in Fig. 4d .
Tri-exponential Analytical Model
The radiation-damaged silicon exhibits fast carrier response time due to their relatively short free carrier lifetimes. The short carrier lifetime is ensured because of the introduction of defects into the crystalline semiconductor. The carrier dynamics in the radiation-damaged silicon are primarily determined by the free-carrier relaxations through the defect states [39] . In order to understand the underlying mechanism involved in the ultrafast carrier dynamics of our experimental study, we employ a tri-exponential theoretical model,
where, I represents the absorption of the THz probe and t is the time delay between the optical pump and THz probe. τ 1 , τ 2 , and τ 3 are three relaxation time constants. A, B, and C provide information about the fraction of carriers participating in each relaxation process. We used Eq. 1 to fit experimental observations, hence calculate the relaxation time constants. The results are shown in Fig. 5a . The red traces represent experimental observations while the blue traces correspond to the theoretical fitting. It may be noted that the theoretical model fits in a reasonably good agreement to the experimental observations. We calculated the different parameters used for fitting which are as follows: A = 40, B= 135, C= 155, τ 1 = 2 ps, τ 2 =10 ps and τ 3 = 10 ms the different relaxation times as indicated by theoretical model can be explained through Fig. 5b . It shows that the carrier relaxations occur via two different mechanisms. One mechanism involves band to band direct recombination(τ 3 ) while the other occurs via the defect states(τ 1 and τ 2 ) . During ion-implantation of crystalline silicon, the defects are formed between the conduction band and valance band. These defects can facilitate the relaxation of carriers from the conduction band to the valence band. In radiation-damaged silicon, these defect states lie close to the conduction band [41] [42] [43] . The rate of relaxation from the conduction band edge into the defect state is fast. Typical relaxation time constant for this transition is τ 1 = 2 ps as indicated in Fig. 5b . Similarly we attribute the relaxation time constant of τ 2 = 10 ps is due to carrier relaxation from the defect state to valance band. The carrier relaxation time of intrinsic silicon is usually large and is of the order of millisecond due to the direct transition from the conduction band to valence band. In our case of τ 3 ≈ 10 ms corresponds to the direct transitions between the conduction band and valance band [42, 44, 45] . The ultrafast response of metamaterials is actually originated through the relaxation processes involving the τ 1 and τ 2 processes.
Conclusions
In summary, we have demonstrated ultrafast resonance switching of single-gap SRRbased planar THz metamaterial. Resonance switching on an ultrafast timescale is achieved by selective, but transient, excitation of split gap conductivity. The evolution of the fundamental resonance mode is studied at different pump-probe time delays. The different time constants involved in the carrier relaxation mechanisms during the process of active switching of terahertz metamaterials are identified using a tri-exponential analytical model. Numerical simulation of induced electric field distribution inside the split-ring resonator confirms our experimental findings too. The silicon-based device structure adopted in this work can provide a unique platform to integrate current metamaterials with silicon technology. Additionally, this scheme can be helpful in realizing ultrafast metamaterial-based THz switches.
